I N THE CYCLE of nutrients through soil-plant systems, plants bring about changes in the spatial pattern of nutrients, organic matter, and other properties of the ecosystem by virtue of their physical presence and concomitant influences. This phenomenon has been observed by a number of investigators (Fireman and Hayward, 1952; Garcia-Moya and McKell, 1970; Muller, 1887) and is most pronounced beneath trees and shrubs. After investigating the spatial distribution of nitrogen, pH, and extractable bases for coniferous trees, Zinke (1962) The objective of this investigation was to characterize spatial patterns of dry matter, nitrogen (N), organic carbon (C) and hydrogen ion concentration as influenced by velvet mesquite and by blue palo verde (Cercidium floridum Benth.) shrubs.
I N THE CYCLE of nutrients through soil-plant systems, plants bring about changes in the spatial pattern of nutrients, organic matter, and other properties of the ecosystem by virtue of their physical presence and concomitant influences. This phenomenon has been observed by a number of investigators (Fireman and Hayward, 1952; Garcia-Moya and McKell, 1970; Muller, 1887) and is most pronounced beneath trees and shrubs. After investigating the spatial distribution of nitrogen, pH, and extractable bases for coniferous trees, Zinke (1962) concluded that a distinct, symmetrical pattern of surface soil properties develop around individual trees. Tiedemann and Klemmedson (1973b) The objective of this investigation was to characterize spatial patterns of dry matter, nitrogen (N), organic carbon (C) and hydrogen ion concentration as influenced by velvet mesquite and by blue palo verde (Cercidium floridum Benth.) shrubs.
METHODS

Study Site
The study area was in the Upper Sonoran Desert about 32 km south of Tucson, Arizona on the Santa Rita Experimental Range. Within this area a study site was chosen which typified the grassshrub community found in this part of the Sonoran Desert. For the past 50 years, this site has been lightly grazed; disturbances from other causes were not observed. The study site was on an alluvial plain with < 5 % slope and an elevation of 975 m.
Velvet mesquite and palo verde were the dominant woody species. Both shrubs occurred on upland sites, but shrub density was greater along numerous arroyos which dissect the uplands. Mature velvet mesquite shrubs averaged 3 m in height and had from one to three main stems; mature palo verde shrubs were slightly smaller. Sampling was confined to upland sites and to the Sonoita soil series, a member of the loamy, mixed, thermic Typic Haplargids.
Understory Three shrubs of honey mesquite (Prosopis juliflora var glanulosa Torr.) were sampled in 1972 in the Chihuahuan Desert about 30 km northeast of Las Cruces, New Mexico to provide a cursory comparison of velvet and honey mesquite for the relationships studied. The small sample of honey mesquite precluded meaningful statistical analyses with the two other species. The honey mesquite shrubs were < 3 m high, multi-stemmed, and commonly grew on slight mounds, an apparent result of accumulating eolian material under the shrub canopy. This is characteristic for the region. Associated vegetation included soaptree yucca (Yucca elata Engelm.), snakeweed (Gutierrezia, spp.), and sandbur (Cenchrus spp.). Grasses were scarce, but individuals of bristlegrass (Setaria spp.) and dropseed (Sporobolus spp.) were found. Soils appeared to be Torrifluvents and in many places were being actively transported by wind. Climate of the Chihuahuan Desert is cooler, drier, and windier than that of the Sonoran Desert.
Theoretical Approach
A functional, factorial approach to the study of soil-vegetation systems (Jenny, 1958 (Jenny, , 1961 Major, 1951) provided the basis for development of a conceptual model for this study. That model may be expressed as follows:
where / represents any ecosystem property, o is the biotic factor, cl is climate, r is topography, / is the initial state of the soil system, and t is time. In this study / represents the spatial arrangement of N, C, and pH in the biomass, litter, and soil under mesquite and palo verde shrubs, o is variable (i.e., velvet mesquite, honey mesquite, or palo verde), while cl, r, i, and t are held constant or within limits such that their variation has a small effect on / relative to that of o. 
Field Methods
During a 3-year period from 1971 to 1973, 34 velvet mesquite and 24 palo verde shrubs were randomly selected from a large pool of candidate shrubs. For each shrub sampled, eight 0.093-m 2 plots were located on a north-south line running through the center of the shrub (Fig. 1) ; these were used to sample vegetation and litter. Six of these plots were located under the shrub canopy at points 1/3, 2/3, and 3/3 of the north and south canopy radii (CR). Two plots were located beyond the shrub canopy at 4/3 CR, but at least 1 m beyond the canopy edge. At each plot location both live and dead standing understory vegetation were collected by harvesting the plants at ground level. Litter from the overstory shrub (shrub litter) and from the understory vegetation (understory litter) was collected from each plot. Material collected from the north side of each shrub was combined, by positions, with that from the south side of the shrub, thus making the combined plots 0.186 m 2 in size. Soil columns were collected under each vegetation-litter plot and from a plot located at the shrub center. Horizontal dimensions of columns were 8 by 10 cm; each soil column was separated into four depths: 0-5, 5-15, 15-30, and 30-60 cm. Soil samples from comparable canopy positions and depths on north and south sides of each shrub were combined for analysis.
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Laboratory Methods
Organic samples were oven-dried at 70°C, weighed, and ground to pass a 40-mesh screen. Soil samples were air-dried, screened to remove the > 2-mm fraction, and ground to pass a 100-mesh screen. Total N was determined by the macro-Kjeldahl method (Bremner, 1965) . Organic C was determined by analysis of total C by the dry combustion method in a high-frequency induction furnace (Allison et al., 1965) and corrected for carbonate carbon (Bundy and Bremner, 1972) . Hydrogen ion concentration was determined on 1:1 soil-distilled water suspensions with a Beckman pH meter.
RESULTS AND DISCUSSION
Spatial Patterns of Biomass
UNDERSTORY VEGETATION
Weight of understory vegetation declined with distance from the shrub center for all shrubs (Table 1) . For velvet mesquite, understory vegetation weighed about three times more at 1/3 CR than 4/3 CR. For palo verde weight of understory vegetation at 2/3 CR was about three times greater than 4/3 CR. Although the shaded understory of a desert canopy is not the favored environment of most desert grasses, some are adaptable to shade (Tiedemann et al., 1971) and produce more dry matter under canopies than in the open, perhaps in a tradeoff for more favorable chemi- cal, physical, and/or microclimatic conditions under the shrubs (Tiedemann and Klemmedson, 1973a , 1973b , 1977 . These studies are confirmed by our observations that understory vegetation was associated with the gradient of soil N and C. Because our study site had been grazed lightly by livestock for the past 50 years, it might be assumed that the grazing effect would have contributed to the gradient of understory vegetation. However, this is not likely; livestock frequently seek out the forage under mesquite shrubs and graze it more closely than that in open areas between shrubs (Tiedemann and Klemmedson, 1973a) .
Weight of vegetation in the understory of honey mesquite shrubs in the Chihuahuan Desert followed the same spatial pattern noted for Sonoran Desert shrubs. Similar microenvironmental factors probably were responsible for this spatial pattern of understory vegetation for each of these desert shrub systems.
A steep gradient in weight of shrub litter under both palo verde and velvet mesquite was evident; the 4/3 CR position under velvet mesquite contained only about l/20th as much shrub litter as the 1/3 position (Table 1) . At any given point under the shrub canopy, shrub litter was more closely related to the amount of biomass above the point under consideration than to total aboveground biomass of the shrub. The amount of shrub biomass above a given point was best expressed (i.e. highest r value) by shrub height. Regression equations were developed to show the relation between weight of shrub litter at the various canopy positions and shrub height. Regression coefficients were positive and significant (0.05 level) for both species at the 1/3 and 2/3 CR positions (Table 2) ; r 2 values show that shrub height is a good predictor of shrub litter weight at these canopy positions. However, no cause and effect relation is implied. At the canopy edge and beyond (3/3 and 4/3 CR positions) shrub height was less closely associated with litter weight; the regression coefficients were significant at these positions for velvet mesquite and nonsignificant for palo verde and r 2 values for both species were low. Presumably, wind was more important in dispersal of shrub litter near the canopy edge than at the 1/3 and 2/3 CR positions where effect of wind is minimized Understory litter did not vary with distance from the shrub center as expected and as observed for standing understory vegetation. High variation in weight of litter for a given canopy position was an important factor in lack of spatial pattern. Differential rates of decomposition also may have played a role and masked differences in amount of understory litter produced at various canopy positions. Lower temperatures (Lowe and Hinds, 1971) , hence more favorable moisture conditions, and a more favorable nutrient status under the shrub canopy may have increased the rate of litter decomposition over that found beyond the canopy edge.
In honey mesquite ecosystems of the Chihuahuan Desert, shrub litter and understory litter both declined sharply with distance from the shrub center (Table 1) . Shrub litter at the 4/3 CR position weighed about l/300th of the shrub litter found at the 1/3 CR position. The gradient in understory litter was less marked. Wind is obviously an important environmental factor at the Chihuahuan Desert site and apparently had a strong influence on litter gradients under shrubs. Less protected portions of shrub understory (3/3 and 4/3 CR positions) probably experienced a net loss of litterfall from the shrub canopy while protected positions (1/3 and 2/3 CR) probably gained litter. In addition, wind may have brought in litter, especially herbaceous litter, from outside of the shrub ecosystem. The low growing multistemmed nature of honey mesquite favors accumulation of windblown organic debris.
Spatial Patterns of N and C
UNDERSTORY VEGETATION AND LITTER
Spatial differences in N concentration of understory vegetation and shrub litter for velvet mesquite and palo verde are not evident (Table 3) Presumably, litter at the 4/3 CR position is more subject to oxidative decomposition and to dispersal of finer, N-rich components of understory litter (seeds and leaves) by wind and water than litter in the protection of the shrub canopy and the larger understory vegetation.
With only one exception, the C content of understory vegetation, shrub litter, and understory litter showed no spatial variation in velvet mesquite or palo verde ecosystems. The significant difference in C concentration of velvet mesquite litter between the 2/3 CR and 4/3 CR positions is the result of high precision in C measurements; this small difference is not considered biologically significant.
The C/N ratio for shrub litter and understory vegetation was essentially constant from one canopy position to another, but that of understory litter was significantly higher at the 4/3 CR position (42.9) than at other canopy positions (31.4) for both ecosystems. This difference is directly attributable to the difference in percentage N of understory litter at the two positions. From these differences in C/N ratios, we would expect a more favorable decomposition environment under the shrub canopy than beyond the canopy. The concentration of C and N in herbage and litter of understory vegetation for both Sonoran Desert shrubs was essentially the same. However, velvet mesquite litter was consistently higher (about 0.25%) in N than palo verde litter. Litter of velvet mesquite contained substantial amounts of N-rich leaves while palo verde litter consisted almost entirely of woody material low in N. The component composition of litterfall was probably responsible for this difference; annual leaf production was approximately 150 g/m 2 for palo verde. However, the decomposition regime also may have had a bearing on N concentration of shrub litter in the two ecosystems.
No spatial variations in the N and C percentages of understory vegetation, understory litter, or shrub litter were apparent for honey mesquite shrubs. Percentage N for understory litter at 2/3 and 3/3 CR canopy positions was substantially lower than comparable values for Sonoran Desert shrubs. The windblown organic debris that accumulated under honey mesquite shrubs may have represented species inherently low in percentage N.
PATTERNS OF N, C, AND pH OF SOIL
The spatial distribution of percentage N and C of soils under velvet mesquite, palo verde, and honey mesquite are shown in Table 4 . The interpretation of horizontal and vertical gradients of percentage soil N and C for velvet mesquite and palo verde of differences between these two species was facilitated by calculating equations for quadratic response surfaces of the form YIJ = fto i + /81 Xi + f3 2 X 2 + 13, 2 X, X 2 + f3,, X, 2 + /3 22 X 2 2 + €
where X] = canopy position andX 2 = soil depth, and by performing appropriate statistical tests. The quadratic response equations were highly signficant (0.01 level); linear coefficients for both canopy position and depth for both variables and species were negative and highly significant (0.01 level). Thus, the soil surface at the boles of mesquite and palo verde shrubs formed a point from which percentage N and C declined with distance toward the canopy edge and with soil depth (Table 4) . At each of the four sampling depths, concentration of N and C was highest at the shrub center (i.e. 0/3 CR). Percentage N declined from the 0/3 to the 4/3 CR position by about 50% in the soil surface layer and by 15-20% in the 30-to 60-cm soil layer. The gradient for percentage C was slightly steeper: Carbon declined by 55-60% in the soil surface layer and by 22-24% in the 30-to 60-cm soil layer. Statistical tests showed that the quadratic response surface for mesquite was significantly different (0.01 level) from that for palo verde for both percentage N and C. The species difference is manifested primarily in the horizontal gradient; the percentage decline in N and C from the 0/3 to 4/3 CR position was greater in mesquite than palo verde for all soil layers, thus reflecting the higher N and organic matter status of soil under velvet mesquite (Table 4) . Decline in percentage N with depth (from the surface to 30-60 cm) was similar for both species and ranged from 61% at the 0/3 CR position to 37% at the 4/3 CR position. The percentage C gradient was somewhat steeper; it ranged from about 68% at the 0/3 CR position to about 42% at the 4/3 CR position.
The gradients observed here generally confirm observations of other authors with respect to the distribution of N, C, and soluble salts in soil-plant systems (Fireman and Hayward, 1952; Garcia-Moya and McKell, 1970; Sharma and Tongway, 1973; and Zinke, 1962) . Our findings confirm those of Fireman and Hayward (1952) and Sharma and Tongway (1973) that shrub-induced horizontal gradients are most evident in the soil surface. Location of the steepest vertical gradients seems to be species dependent. Highest concentrations and steepest vertical gradients of N and C in this study were those at the shrub center for velvet mesquite and palo verde but at the 1/3 CR position for honey mesquite. Other investigators (Zinke, 1962; Fireman and Hayward, 1952) found that species, sometimes in combination with environmental factors (e.g., wind direction), may influence the spatial distribution of soil properties. Zinke (1962) attributed the low percentage of soil N near the boles of several coniferous trees to the large accumulation of N-poor bark that is shed from the tall bole of many conifers. In contrast to most conifers, the main stem of velvet mesquite and palo verde shrubs in this study was relatively short and branched within 1 m of the ground. Hence, amount of bark litter was small relative to standing biomass and it was not concentrated around the bole. Moreover, constant shedding and accumulation of bark litter is apparently not characteristic of these desert shrubs.
Numerous factors contributed to the N and C spatial patterns portrayed in Table 4 . Gradients in the amount of N and C in standing understory vegetation and shrub litter were observed (Table 5 ). Although our sampling technique did not give a good estimate of root biomass, it clearly showed the abundance of roots in the surface layer and near the shrub center and, hence, the contribution of roots to horizontal and vertical gradients in soil N and C. Others (Beadle and Tchan, 1954; Garcia-Moya and McKell, 1970) have noted the importance of roots to soil N and C gradients. Also noteworthy was the probable N and C accural via throughfall and stemflow (Tukey et al., 1957) . Stemflow contributions would be essentially limited to the area immediately adjacent to the shrub bole; throughfall N and C probably would be highest at the shrub center because of the shape of the shrub. Clearly, N and C of the soil are also functionally related to these gradients (Table 5) .
The shrubs indirectly added N and C to the soil by creating an environment more favorable for accrual and maintenance of N and C than adjoining open areas. Herbaceous species were more abundant under the shrub canopy than beyond the canopy. Through absorption and litterfall these understory plants maintain nutrients in the cycling pool of the shrub system. Microbial activity also may show a gradient under the shrubs. Improved microbial activity under shrubs would facilitate litter decomposition and nutrient transfer into the soil. Muller (1953) noted the accumulation of windblown soil and organic matter under shurb canopies. This may have occurred, to a limited extent, under the canopies of velvet mesquite and palo verde. Source of this eolian material will influence its nutrient content and, in turn, the N and C status of soil where it accumulated.
Differential loss of N by denitrification (Broadbent and Clark, 1965) and ammonia volatilization (Harmsen and Kolenbrander, 1965) may have contributed to the gradients observed in this study. Environmental characteristics under shrub canopies were probably less favorable for these processes than beyond the canopy boundaries. All three shrubs employed in this study are legumes. Although direct evidence of nodules was not observed during field investigations for any of the 61 shrubs sampled, it is possible that these shrubs do engage in effective N 2 -fixation (Bailey, 1976) .
Abruptness of the vertical gradients is a reflection of the arid environment of the Sonoran Desert. Charley and Cowling (1968) noted that biological activity in most arid climates is confined to the first few centimeters of soil because of low and unpredictable precipitation. Their observations show that biologically induced vertical soil gradients become sharper with increasing aridity.
Velvet mesquite and palo verde had contrasting effects on soil pH (Table 4) . Quadratic response equations were highly significant (0.01 level) for both species; equations for the two species also differed significantly (0.01 level). The difference between species in soil pH is readily seen in the tabular data (Table 4) . Linear coefficients for both canopy position and depth were positive for mesquite. For palo verde the linear coefficient for canopy position was negative while that for depth was positive. All these coefficients were significant at the 0.01 level. The ph response under mesquite is attributed to acidic throughfall and stemflow, and acidic leachate from decomposing litter, both of which would be concentrated near the shrub center where biomass was concentrated. Tiedemann and Klemmedson (1973b) reported a pH of 5.3 for leachate from dried velvet mesquite leaves. Palo verde had a contrasting but less marked influence on soil pH. Evidently throughfall and leachates of litter decomposition from palo verde was high in bases since surface soil near the shrub center was slightly more alkaline than that at and beyond the canopy edge.
Soils under honey mesquite in the Chihuahuan Desert differed somewhat from those developed under the two Sonoran Desert shrubs (Table 4) . Percentage N seemed appreciably higher in the surface layer at the 0/3, 1/3 and 2/3 CR positions under honey mesquite and tended to be higher in the 30-to 60-cm layer than under velvet mesquite and palo verde. Valentine (1941) 3 also noted higher percentage N under honey mesquite. These higher N percentages resulted in steeper N gradients in the 0-to 5-cm layer and at the 0/3 position, but flatter gradients in the 30-to 60-cm layer and 4/3 CR position than observed for the Sonoran Desert shrubs.
Under honey mesquite, peak N and C percentages in the soil surface layer occurred at the 1/3 CR position rather than at the 0/3 CR position. Percentage C was high for every soil layer and canopy position and decreased irregularily with horizontal distance and depth (Table 4) . These irregular N and C patterns portray an interaction of effects derived from stratified parent materials found in Fluvents (Soil Survey Staff, 1975) and the influence of wind together with the biotic influence of the shrubs. Eolian materials that have periodically accumulated under shrubs (fragments of organic debris were readily visible in the light colored soils) may have been high in percentage N and C. These materials, which frequently require 100 to 200 years to decay when buried in the subsurface (D. M. Hendricks, personal communication), could easily mask soil C patterns induced by honey mesquite alone. Honey mesquite did not noticeably affect soil pH. The apparent periodic addition of eolian soil material to the shrub ecosystem and the smaller shrub size (and possibly younger shrubs) may have been important factors in the lack of pH gradients.
